p-type Sb-doped ZnO (ZnO:Sb)/n-type Ga-doped ZnO (ZnO:Ga) junctions were grown on c-plane sapphire substrates using plasma-assisted molecular-beam epitaxy. Mesa geometry light emitting diodes (LEDs) were fabricated using standard photolithography and lift-off process, with ohmic contacts achieved using Au/Ni and Au/Ti for top ZnO:Sb and bottom ZnO:Ga layers, respectively. Rectifying current-voltage characteristics were achieved. Ultraviolet emission dominates in the electroluminescence spectra of the ZnO LED. An output power of 32 nW at an applied current of 60 mA was demonstrated. The enhanced output power, as compared to those made on silicon substrates, is attributed to the improved ZnO film quality on sapphire substrates, which is confirmed by X-ray diffraction rocking curve studies.
Z
nO is a promising candidate material for ultraviolet optoelectronic devices, due to its large exciton binding energy and suitable bandgap. 1, 2) Reliable ptype doping in ZnO is indispensible for ZnO optoelectronic device technologies. Sb was theoretically proposed to be a reliable acceptor dopant in ZnO based on density-function calculations, 3) which was experimentally confirmed subsequently. [4] [5] [6] [7] Functional prototype devices based on ptype ZnO:Sb materials have been demonstrated in recent years, such as photodetectors, 8, 9) light-emitting diodes (LEDs), [10] [11] [12] [13] and random lasing devices, 14) indicating Sb is an effective dopant for p-type doping in ZnO. Currently, the low output power is one of the limiting factors for ZnO LEDs using Sb as p-dopant. The best output power previously obtained in ultraviolet-emission-dominated LED with ZnO:Sb p-layer was only $1 nW at 100 mA injection current, 12) which is possibly due to the low film quality for the ZnO layers grown on Si(100) substrates. Due to much reduced lattice mismatch between ZnO and c-plane sapphire compared with that between ZnO and Si(100) and the starting hexagonal sapphire lattice in favor of ZnO Wurtzite structure growth, ZnO diodes on sapphire shall have significantly better film quality, leading to enhanced light output. In this study ZnO:Sb/ZnO:Ga LEDs on c-plane sapphire substrates with significantly improved output power of $32 nW at 60 mA are reported. p-ZnO:Sb/n-ZnO:Ga homojunctions were grown on c-plane sapphire substrates using plasma-assisted molecular-beam epitaxy (MBE). Sapphire substrates were firstly chemically cleaned in an aqua regia (HNO 3 : HCl ¼ 1 : 3) solution at 150 C for 20 min, then rinsed in de-ionized water, and finally dried with a nitrogen gun and transferred into the MBE load-lock chamber. The growth began with a 5 min deposition of seeding ZnO at 350 C, followed by a regular buffer layer growth at 620 C. The subsequent nZnO:Ga and p-ZnO:Sb layers were grown at 620 and 550 C, respectively. The effusion cell temperatures of Zn, Ga, and Sb are 380, 560, and 420 C, respectively. The Zn beam flux is on the order of 10 À7 Torr, while Ga and Sb beam fluxes are on the order of 10 À9 Torr. The ZnO:Ga and ZnO buffer layers were grown under near stoichiometric condition while the ZnO:Sb layer was grown under oxygen rich condition. The thickness of the buffer, ZnO:Ga, and ZnO:Sb is 400, 300, and 200 nm, respectively. Post growth thermal annealing was performed at 750 C in oxygen ambient. Mesa geometry LEDs with a mesa size of 800 Â 800 m 2 were fabricated using standard photolithography and lift-off processes. Au/Ti and Au/Ni 15) were deposited using ebeam evaporation on n-ZnO:Ga layer and p-ZnO:Sb layer, respectively, as electrical contacts. Ohmic contacts were achieved after rapid thermal annealing process. Figure 1(a) shows the schematic of the device structure. Secondary ion mass spectroscopy (SIMS) measurements were performed on a dedicated LED device with a Cameca IMS 4.5F system. Fig. 2(a) shows the same curve but in linear plot. Rectifying behavior is observed. The top right and bottom right insets in Fig. 2(a) show the linear I-V curves of n-n contacts on ZnO:Ga layer and p-p contacts on ZnO:Sb layer, respectively, indicating the formation of Ohmic contacts. The Ohmic behavior of metal contacts on top of ZnO excludes the possibility of formation any Schottky junctions in the device. In practice the I-V characteristics of homojunction diodes follow the equation,
where I S is the saturation current, n is the ideality factor, V T ¼ k B T =e is the thermal voltage (with k B Boltzmann constant, T temperature, and e electron charge), R se is the series resistance, and R sh is the shunt resistance. 16) The differential resistance can be derived as
In case of very large shunt resistance R sh , it can be approximated as,
Figure 2(b) shows the plot of IðdV =dIÞ versus I. The slope and intercept on vertical-axis of this plot are used to obtain the series resistance R se and the ideality factor n. R se % 5 k is achieved from the fitted slope of the data plot. The ideality factor n ¼ 2:6 AE 0:6 is estimated from the fitted intercept divided by the thermal voltage. The deviation comes from the extrapolation fitting uncertainty. Finally, the shunt resistance R sh is approximately calculated as R sh ¼ dV =dIj I!0
The series resistance value is large, which is possibly due to the relatively high resistance of the ZnO:Sb p-layer. The turn on voltage of the LED from the rectification I-V curve is $6 V. The large turn on voltage is also partially due to the large series resistance.
The electroluminescence (EL) and photoluminescence (PL) measurements were carried out using a PL/EL system composed of an Oriel monochromator, a photomultiplier detector, a lock-in amplifier, and a chopper. An external HP E3630A dc power supply was used to input current for EL measurements. A 325-nm wavelength (Kimmon) He-Cd laser was used as an excitation source for PL measurements. Figure 3 shows the EL spectra of an LED device, with injected current ranging from 30 to 60 mA. The near-bandedge ultraviolet emissions dominate in the EL spectra and the intensity increases with the increase of the injection current. The EL peak position slightly red-shifts from 3.32 eV (374 nm) at small injection current (30 mA) to 3.23 eV (384 nm) at large injection current (60 mA), which is attributed to heat induced bandgap shrinkage. 11, 12) The inset of Fig. 3 shows the PL spectrum of the sample. Besides the near-band-edge emission, a deep level emission at $550 nm was observed in the PL spectrum but not in the EL spectra. The PL spectrum is mainly from the top ZnO:Sb layer, because the penetration depth of the 325 nm laser in ZnO is $100 nm, 17) which is about half that of the ZnO:Sb layer thickness. This indicates that the band-to-band recombination is dominant at forward bias in the diode operation.
The output power of the EL was measured and calibrated with an Ocean Optics integral sphere. The device shows a $32 nW output at 60 mA injection current. This value is much larger than the previously reported ZnO:Sb/ZnO:Ga junction LED on Si ($1 nW output at 100 mA). The orders of magnitude improvement in light emission is due to the improved film quality. To clarify this, scanning electron microscope (SEM) and X-ray diffraction (XRD) measurements were carried out. The top view of the SEM image of the device is shown in Fig. 4 . The morphology of the thin film is similar to those grown on Si, [10] [11] [12] 14) which consists of closely-packed nano-columns. However, these well-aligned nano-columns exhibit high quality from XRD measurements performed using a Philips X-ray diffractometer in both 2 and ! (rocking curve) scan geometries. Figure 5(a) shows the XRD patterns of the device sample and a reference ZnO LED sample on Si (discussed in ref. 12 ). The two samples show similar XRD -2 scan patterns (except for the substrate peak difference) with the c-orientation dominating. However, the two samples show significantly different full-width-at-half-maximum (FWHM) peaks in XRD rocking curve scans of ZnO(0002) peaks, as shown in Fig. 5(b) . The device sample discussed in this paper shows a much smaller FWHM ($44 arcsec) than the sample 12) on Si ($924 arcsec). This is due to the employment of c-plane sapphire substrates instead of Si substrates. The improved crystallinity reduces non-radiative recombination probability, leading to the enhanced output power. This research verifies that ZnO crystallinity is another dominating factor for future high efficiency ZnO optoelectronic devices, besides the efficiency issue of p-type doping in ZnO.
In summary, ZnO LEDs were fabricated based on pZnO:Sb/n-ZnO:Ga junctions grown on c-plane sapphire substrates using plasma-assisted MBE. I-V characteristics show typical diode rectifying behavior. The ideality factor, series resistance, and shunt resistance of the ZnO LED are estimated to be n ¼ 2:6 AE 0:6, R se % 5 k, and R sh % 161 k, respectively. Ultraviolet emission dominates in the EL spectra of the ZnO LED. The ZnO LED shows an output power of $32 nW at 60 mA injection current (compared to $1 nW at 100 mA for ZnO grown on Si), as a result of high crystallinity of ZnO nano-columns grown on sapphire. Further improvement of light output may be achieved by developing single-crystalline ZnO p-n junctions on sapphire. 
